Germline mutations of CDKN2A at 9p21 have been shown to predispose to disease in melanoma pedigrees worldwide. However, there remains a significant proportion of melanoma pedigrees with evidence of linkage to 9p21 in which mutations in CDKN2A have not been detected. Investigation of other potential tumour suppressor genes at 9p21 and the promotor of CDKN2A has been unable to explain genetic predisposition to melanoma in these pedigrees. Here we describe a mutation, IVS2-105 A/G, deep in intron 2 of CDKN2A, detected in six English melanoma pedigrees. The mutation creates a false GT splice donor site 105 bases 5′ of exon 3 and has been demonstrated to result in aberrant splicing of the mRNA. This is the most common mutation identified in English families to date. The presence of this deep intronic mutation in a relatively large number of kindreds, indicates that it may account for a significant proportion of 9p21-linked melanoma pedigrees with no detectable mutations in the coding region of CDKN2A. In addition, the identification of one deep intronic mutation in CDKN2A indicates the possibility of the existence of other similar splicing mutations located elsewhere in the CDKN2A introns.
INTRODUCTION
Germline mutations of the CDKN2A gene at chromosome 9p21 have been shown to predispose to melanoma in pedigrees worldwide (1) (2) (3) (4) (5) . CDKN2A acts through the retinoblastoma pathway. It encodes the p16 protein which binds to the cyclin dependant kinases, CDK4 and CDK6, to inhibit their ability to phosphorylate the retinoblastoma protein and thereby controls passage through the G1 checkpoint of the cell cycle (6) .
However, the proportion of melanoma families with identified mutations in CDKN2A remains moderate, representing ∼25% of pedigrees with two or more cases overall (7) . Some pedigrees, which show evidence of linkage to chromosome 9p21, do not appear to have detectable mutations in the coding region of CDKN2A (8) .
Linkage to 9p21 markers in a number of CDKN2A negative families has led to the investigation of other candidate melanoma suseptibility genes at 9p21. CDKN2B which encodes the p15 protein, and the gene encoding p14ARF have been investigated as potential genes for predisposition to melanoma. CDKN2B has been excluded as a candidate due to the lack of germline mutations detected in melanoma kindreds (9) (10) (11) (12) , and to date only two melanoma kindreds have been shown to have disease associated abnormalities of p14ARF that do not also affect CDKN2A (13, 14) .
The CDKN2A promoter region has also been screened to investigate the possibility that non-coding mutations in CDKN2A might predispose an individual to melanoma. A subset of melanoma pedigrees was found to have a G→T transversion at base -34 of CDKN2A which creates a novel AUG translation initiation site (15, 16) . Although this mutation in the 5′-UTR accounts for a proportion of 9p21-linked pedigrees with no detectable coding mutations of CDKN2A, no true promoter mutations have been found (16) . There remain a significant number of melanoma kindreds where the cause of predisposition to disease remains unidentified.
We describe the identification and characterization of a deep intronic mutation in a subset of UK melanoma pedigrees with no detectable mutations in the coding region of CDKN2A.
RESULTS
An A→G transversion in intron 2, 105 bases 5′ of exon 3, IVS2-105 A/G, was initially detected in two melanoma pedigrees during the course of routine screening by sequencing for mutations of the CDKN2A gene (Fig. 1) .
The nucleotide change occurs one base after the 3′ end of the forward primer used to amplify exon 3 of CDKN2A (p16 3F). The variant was not observed when sequencing using the forward primer because of its proximity to the priming site. The base change was detected when sequencing initiated from the reverse primer (p16 3R) was of sufficient quality to read all the way through to the forward primer.
A simple allele-specific PCR test was devised to facilitate detection of the variant. This test was used to screen 42 English pedigrees with three or more cases of melanoma, 16 of which had previously been shown to harbour mutations of CDKN2A (8, 16, 17) . An additional 64 kindreds with two cases of melanoma, including six with previously identified CDKN2A mutations (8, 16, 17) , were also screened for IVS2-105. The intronic variant was detected in four kindreds with three or more cases of melanoma and in two kindreds with two cases of melanoma. None of the six pedigrees in which IVS2-105 was detected had previously been found to harbour CDKN2A coding or promoter mutations ( Table 1) .
The presence of the IVS2-105 variant was confirmed by the sequencing of CDKN2A intron 2. All samples identified by allele-specific PCR as carrying the IVS2-105 mutation, plus an additional four spouse control DNA samples, were sequenced. In each instance three homozygous differences from the intron sequence recorded in the Genome Data Base (accession no. AC000048) were identified. Differences were observed at IVS2+474 (T rather than C), at IVS2+1074 (C rather than T) and at IVS2-115 (within the binding site for primer p16 3F), where a run of only two adenosine residues was seen rather than three as indicated in GenBank. The heterozygous IVS2-105 A/G variant was the only difference identified between the melanoma cases and the spouse control samples in CDKN2A intron 2.
Analysis of all available samples from the six pedigrees, by allele-specific PCR, showed that the intronic variant segregated with melanoma (Fig. 2) . In addition to the six melanoma cases in which the IVS2-105 variant was initially identified, four affected relatives of probands were proven to be carriers. Haplotyping data indicated that a further four affected relatives carried the IVS2-105 variant. In the remaining seven melanoma cases where DNA was not available, carrier status could not be determined from haplotying data. Linkage analysis gave a LOD score of 1.06 for tight linkage indicative of strong evidence of co-segregation between a chromosome 9p mutation and IVS2-105 A/G in these families.
The intronic variant was not detected in a panel of 100 control DNAs investigated using the allele-specific PCR test.
Haplotyping studies revealed that a conserved region of chromosome 9p21 adjacent to CDKN2A was shared between the pedigrees with the intron 2 variant. All six pedigrees appear to share the same 9p21 haplotype from D9S 976 to D9S 975, with the exception of markers D9S 1749 and D9S 942 (Fig. 3) . The discrepant alleles at these markers may have arisen through separate slippage or conversion events. In view of the heterozygosity of the alleles these results indicate the likelihood that the IVS2-105 variant may have arisen from a common ancestor of these English families.
The intronic variant appeared to create a false splice donor site in intron 2 of CDKN2A; AT→GT at -105 bases from exon 3. The sequence surrounding the base change was found to match the splice donor site consensus sequence (18) . Using the scoring system developed to determine the probability that a particular splice donor or acceptor sequence would be functional (19) , this newly created site was found to score 0.95 (the true splice donor site at IVS2+1 scores 1.0) and was therefore predicted to be functional.
To investigate the potential effect of the intron 2 variant on mRNA transcription, cDNA was synthesized from a B-lymphoblastoid cell line, previously established from individual 095F, pedigree MEL 6, known to harbour the intronic variant at IVS2-105.
PCR reactions across intron 2 of CDKN2A were carried out using three different forward primers designed from the CDKN2A exonic sequence, RT 1F, RT1/2F and RT 2F, together with a reverse primer, RT 3R, in the 3′-untranslated region (3′-UTR). Initial PCR reactions of the 095F cell line cDNA produced bands of approximately the size expected for wild-type mRNA transcript (Fig. 4) . This was confirmed when the bands were gel purified and sequenced. No aberrantly spliced transcript was detected.
However, the band amplified from the 095F cell line cDNA appeared to be approximately half as intense as those produced from the control cell line cDNAs, HT1197 and BC609(+), which were known to possess two copies of CDKN2A. The control PCR reaction, using primers for the GAPDH housekeeping gene, produced bands of equal intensity with all cDNA samples. This indicated the possibility that for sample 095F only the CDKN2A wild-type allele had been amplified by PCR, and that the mRNA transcript from the allele with the intron 2 variant had not been detected.
To address the possibility that an aberrantly spliced transcript may have been too large to detect by conventional PCR, we carried out a long-range PCR on the 095F cDNA using the forward primer RT 1/2F. This primer spans exons 1 and 2, and would therefore be unable to amplify genomic DNA or unprocessed RNA. In addition to the expected 400 bp wild-type band, longrange PCR of 095F cDNA revealed an extra band, ∼3.4 kb in size (Fig. 4) . This band was sequenced and confirmed to be aberrantly transcribed mRNA. Sequencing of the 3.4 kb band showed that the aberrant transcript appeared to read from CDKN2A exon 2 straight into intron 2, ignoring the normal GT splice donor site. The whole intron appeared to be retained up until the newly created splice donor site at IVS2-105. From this point two separate populations of aberrant transcript could be observed. Approximately half of the aberrant transcript, based on chromatogram peak heights (Fig. 5 ), appeared to ignore the newly created GT splice donor at -105 and continued reading through the remainder of intron 2 and into exon 3. The other population of aberrant mRNA transcript read through CDKN2A intron 2 up until the newly created splice donor site, where the remaining 105 nucleotides of intron 2 were spliced out (Fig. 6 ).
The possibility that additional aberrant populations of mRNA transcript may have been generated by splicing abnormalities was also investigated. Long-range PCR of cDNA from sample 095F using a primer located early in CDKN2A exon 1, RT 1F, was carried out in order to investigate transcription of mRNA across the whole gene. No additional populations of aberrantly spliced mRNA transcript were identified.
DISCUSSION
We have identified a deep intronic mutation, IVS2-105 A/G, in six English melanoma pedigrees with no previously detected coding mutations of CDKN2A. The mutation appears to be causal. It segregates with disease and was not detected in a panel of control DNAs. Most importantly IVS2-105 A/G has been demonstrated to affect the splicing of CDKN2A.
Splicing mutations have been identified in a number of different genes and have been estimated to account for 15% of all disease causing mutations (20) . These mutations have been shown to have a variety of consequences, including exon skipping and intron retention (21) . Most appear to affect the canonical splice sites or their surrounding consensus sequence (22) . Two such mutations have been identified in CDKN2A; IVS1-1 and IVS2+1 have been shown to disrupt the canonical splice sites at the 5′ and 3′ ends of exon 2, respectively (23) (24) (25) . In a number of reports, mutations remote from the splice donor or acceptor sites have been shown to lead to aberrant splicing. Intronic mutations which affect the RNA processing machinery, such as the branch site or the pyrimidine tract have been shown to disrupt splicing (21, (26) (27) (28) . However, the crea- tion of additional splice sites in the central part of the intron is considered to be a rare event (21) .
The creation of a splice donor site within an intron has been reported in the ataxia-telangiectasia ATM and tuberous sclerosis TSC2 genes. In each example, the creation of the donor site appeared to activate an upstream cryptic splice acceptor site, creating a psuedoexon within the intron and resulting in the retention of a portion of intronic sequence in the mRNA (21, 29) . The CDKN2A deep intronic mutation identified in this paper does not appear to activate an upstream cryptic splice acceptor site in this way, although there are several candidate acceptor sites located in CDKN2A intron 2 with high functionality scores (data not shown).
Analysis of cDNA from a cell line carrying the IVS2-105 mutation revealed two aberrant populations of transcript. In one population the newly created cryptic splice donor did not function as a splice site. However, the wild-type intron 2 splice donor site 3 kb upstream of the mutation also failed to function as a splice site, resulting in the incorporation of the whole of intron 2 into the transcript. In the second population of aberrant transcript, the cryptic splice donor does function as a splice site and the last 105 bases of intron 2 are spliced out. Again the real splice donor site does not appear to function. This implies that there may be some kind of feedback mechanism operating whereby the function of the wild-type splice donor site is impaired by the presence of the IVS2-105 intronic mutation >3 kb downstream. In both cases a very large fragment of intron sequence is incorporated into the transcript.
The incorporation of such a large fragment appears to be a rare event. Previous studies of splicing mutations in other genes have shown the retention of introns to be uncommon (6%) and often associated with short introns (30) , although retained introns of 1.2 and 1.6 kb have been observed (31) .
The possibility of the existence of additional populations of aberrantly spliced transcript was investigated using primers designed to bind early in exon 1 of CDKN2A. No additional populations of aberrant transcript were detected by long-range PCR across the length of the CDKN2A gene. Therefore, the IVS2-105 mutation does not appear to activate a cryptic splice acceptor site anywhere within the CDKN2A gene.
In addition to the two aberrant populations of transcript, it seems likely that some wild-type transcript would also be produced from the mutant allele. Splicing mutations have previously been shown to be 'leaky', affecting the efficiency of correct exon splicing and resulting in the production of both normal and aberrant transcripts from the mutant allele. For this reason, splicing mutations have been demonstrated to result in a less severe disease phenotype, in comparison with exonic mutations that disrupt the function of the protein (22, 29, 30) . However, there is no evidence to suggest that the IVS2-105 mutation is any less penetrant than previously reported coding mutations of CDKN2A.
Haplotyping data for the six UK pedigrees found to harbour the mutation reveal a region of haplotype sharing across 9p21. This conserved haplotype indicates that IVS2-105 may have been inherited as a single ancestral mutation, in a similar manner to the previously studied CDKN2A mutation Met53Ile (32) .
The effect of the IVS2-105 mutation on the function of the p16 protein cannot be easily explained. The IVS2-105 mutation has been shown to give rise to two populations of aberrantly spliced mRNA which retain all, or almost all, of intron 2. However, the predicted translation of these deviant populations of mRNA would not produce a protein very dissimilar to that of wild-type p16. Indeed, due to a stop codon in the retained intronic sequence, both aberrant populations would be predicted to give rise to a protein one amino acid shorter than wild-type p16 protein, differing from p16 in only the last four amino acids (Fig. 6) .
The four ankyrin repeat units of CDKN2A, which span exons 1 and 2, have been shown to be essential to p16 binding function (33) . Most previously identified causal mutations of CDKN2A have been seen to disrupt these sequences. The aberrant splicing caused by IVS2-105 would not seem likely to effect the ankyrin repeat units, as only the last four four amino acids, encoded by exon 3 of CDKN2A, would be predicted to be altered. The truncation of the p16 protein after exon 2, with the loss of these last four amino acids, has previously been shown to have no effect on the function of p16, with respect to binding to CDK4 (33) .
This deep intronic mutation does not appear likely to affect the p16 protein-binding function through disruption of the ankyrin repeat sequences; however, the weight of evidence presented here points to IVS2-105 being a causal mutation, predisposing to melanoma. Although the possibility of the IVS2-105 mutation being in linkage disequilibrium with a separate causal mutation in these pedigrees cannot be ruled out, the effect of IVS2-105 on splicing in CDKN2A is apparent.
The aberrant mRNA produced by the IVS2-105 mutation is very large in comparison with normal CDKN2A mRNA. However, in comparison with many other genes a 3.5 kb mRNA is not unusually large and is therefore not likely to be particularly unstable. The stability of the aberrant mRNA transcripts is illustrated by the ease of their detection by longrange PCR of cDNA. Similarly, the translation of the aberrant CDKN2A mRNA to protein is also unlikely to be affected by the incorporation of 3 kb of intronic sequence.
Synthesis and processing of RNA occurs in the nucleus. Pre-mRNA molecules transcribed from DNA undergo splicing and acquire their 5′ cap structure in the nucleoplasm before export to the cytoplasm as mature messenger RNAs. It is believed that the export apparatus surveys mRNA molecules to ensure that every intron that is meant to be removed has been removed before passage to the cytoplasm (34) .
This control of transport of mRNA across the nuclear membrane may explain how the IVS2-105 deep intronic mutation could predispose to melanoma. If the aberrantly spliced forms of CDKN2A are recognized as not having being properly processed, their passage into the cytoplasm may be obstructed. Hence, the levels of CDKN2A mRNA in the cytoplasm available for translation to p16 protein would be reduced.
Therefore, it is plausible that the aberrant splicing caused by the IVS2-105 mutation may reduce the amount of wild-type p16 protein produced to below a threshold level where its function as an inhibitor of CDK4 is impaired. This would result in the loss of control of cell cycle regulation and predisposition to disease.
CDKN2A shares exons 2 and 3 with p14ARF, but utilizes them in a different reading frame. It is possible that the IVS2-105 mutation would also affect the splicing and function of p14ARF. Long-range PCR using a forward primer in the 5′-UTR of p14ARF exon 1β revealed an extra band ∼3 kb larger than wild-type, indicating that intron 2 is also retained in the p14ARF mRNA (data not shown). The retention of intron 2 would not have a direct effect on the p14ARF protein as the protein terminates before the end of exon 2. However, passage of the aberrant p14ARF mRNA into the cytoplasm may be obstructed as described above, resulting in a reduction in the level of wild-type p14ARF protein produced.
Variation can occur in the way that pre-mRNAs are processed in different tissues and at different stages in development. The splice sites used may vary, resulting in the alternative splicing of the same pre-mRNA in different tissues to yield mRNAs with different coding potential (35) (36) (37) . Tissue-specific splicing has been demonstrated previously in CDKN2A, where the splicing of pre-mRNA in the pancreas was seen to be different to that in other tissues (38) . The cDNA used in this investigation was synthesized from RNA extracted from a B-lymphoblastoid cell line. There is no assurance that the effect of the IVS2-105 mutation on CDKN2A splicing will be the same in the skin. It is conceivable that the effect of the mutation on the p16 protein in melanocytes, the site of melanogenesis, may be different to that observed in lymphocytes.
The frequency of the deep intronic mutation appears to be relatively high in UK melanoma pedigrees. Of the 106 pedigrees screened for the IVS2-105 mutation, 42 had at least three cases of melanoma, the conventionally accepted criteria for a melanoma family. Coding or promoter mutations have been identified previously in 16 of these pedigrees (8, 16, 17) . The IVS2-105 mutation was identified in four of the remaining 26 pedigrees. Therefore, this single intronic mutation accounts for 15% of English melanoma pedigrees with no previously reported coding or promoter mutations.
The location of IVS2-105, deep within intron 2 of CDKN2A, makes the mutation difficult to detect by sequencing or SSCP analysis. In addition, the two populations of abberrant mRNA transcript are undetectable by conventional RT-PCR due to the incorporation of such a large portion of intronic sequence. The difficulty involved in the detection of IVS2-105, together with the frequency in which it has been identified in UK melanoma pedigrees suggests the possibility that this single deep intronic mutation may actually account for a substantial subset of 9p21-linked melanoma pedigrees worldwide with no detectable coding mutations of CDKN2A.
The identification of one deep intronic mutation in CDKN2A argues the prospect of the existence of other intronic mutations which may also predispose to melanoma in pedigrees with no detectable coding mutations of CDKN2A. Although the creation of additional splice sites in introns is considered to be a rare event (21) , this may be because most deep intronic mutations would be missed by the mutation detection techniques used most frequently. Therefore, the true frequency of intronic splice mutations is unknown.
To date there has not been a thorough investigation of the intronic sequence of CDKN2A for mutations; however, in the light of the identification of the IVS2-105 deep intronic mutation this has become a priority in those melanoma pedigrees where coding mutations of CDKN2A cannot be identified.
MATERIALS AND METHODS
Families at increased risk of melanoma have been recruited in the period since 1989 in England and Wales. Ethical Committee approval for this study was obtained from all institutions involved. Forty-two of the families have been described previously (8, 16, 17) .
Routine screening of CDKN2A exon 3
CDKN2A exon 3 is routinely screened in our laboratory as part of a complete screen of all exons of CDKN2A in melanoma kindreds. The exon is amplified from genomic DNA by PCR using previously described intronic primers (p16 3F CCATT-GCGAGAACTTTATCC and p16 3R TGGACATTTACGG-TAGTGGG) (39) , following a standard PCR protocol (17) .
The CDKN2A exon 3 PCR product was then sequenced using the ABI PRISM BigDye Terminator Cycle Sequencing kit (Perkin Elmer) and the products analysed on an ABI377 sequencer.
Allele-specific PCR test for intronic variant
A simple allele-specific PCR test was developed to allow easier detection of the intronic variant. PCR reactions were carried out in parallel using wild-type-specific (WT-F CCATTGCGAGAACTTTATCCA) and variant-specific (MUT-F CCATTGCGAGAACTTTATCCG) forward primers in combination with the standard CDKN2A exon 3 reverse primer, p16 3R. Standard PCR reaction conditions were used as above, with an annealing temperature of 61°C to increase the specificity of the reaction.
Sequencing of CDKN2A intron 2
Intron 2 of CDKN2A was amplified by PCR in eight overlapping fragments of 400-500 bp which cover the entire 2659 bp intron and a portion of flanking exonic sequence. The fragments were amplified from genomic DNA using the following primers: In2-1F GTCCCTCAGGTGAGGACTGA, In2-1R CCAGCTTGGTATGCAAATGA; In2-2F ACTGCGGAGC-AATGAAGACT, In2-2R AGGGCAAGGAGGACCATAAT; In2-3bF TGGACCAACCTCAGGATTTC, In2-3R CTGGGC-CAAAATAAGATGGA; In2-4F CAGTACACGGGAATTA-ACACGA, In2-4R ACTTGGCTCCTCAGGCTTTT; In2-5F GGGTCCCGATTTAGAAGGAG, In2-5bR CACCTGTGGT-CCCAGCTAGT; In2-6F TGGGGTTTACATTTGGAGACA, In2-6R TGCATTAGATTCTCCGACCA; In2-7F AAAACC-AATGCAATGGGTAAA, In2-7R CAGCTTGCGATAACC-AAAGG; In2-8F CGTAGGGAAGCTACGGGATT, In2-8R TTCTTTCAATCGGGGATGTC. Standard PCR reaction conditions were used, as above, with an annealing temperature of 58°C in each case. Sequencing reactions were carried out using the ABI PRISM BigDye Terminator Cycle Sequencing kit and the products were analysed on an ABI 377 DNA sequencer. DNA sequencing was carried out in both directions, initiated from the forward and reverse primers used in the initial PCR amplification of each fragment.
Analysis of intronic variant
The segregation of the intronic variant with melanoma was investigated in all pedigrees in which it was detected using the allele-specific PCR test. All cases in families in which the mutation was identified were assessed for their carrier status. The evidence for IVS2-105 A/G being the causal mutation was further assessed by linkage analysis. Linkage analysis was performed using the LINKAGE software, v5.2 (40) . We assumed that susceptibility to melanoma was inherited as an autosomal dominant with an allele frequency of 0.001 and with lifetime penetrance as estimated by the Melanoma Genetics Consortium (41) .
In addition, the frequency of the variant in the general population was assessed using a panel of control DNA samples, consisting of 80 controls with no history of cancer collected in epidemiological case/control studies and 20 samples obtained from healthy staff of ICRF Leeds.
Haplotyping
Individuals from pedigrees with the intron 2 variant were typed for the following 9p21 markers: D9S976, D9S736, D9S1749, D9S2136, D9S974, D9S942, D9S1748, D9S1604, D9S1752, D9S975 and D9S171. Primer sequences were obtained from the Genome database (http://www.gdb.org). For each primer pair one oligonucleotide was labelled with a 5′ fluorescent amidite (6′-FAM, HEX or TET) using standard amidite labelling chemistry.
Amplification was carried out using an AmpliTaq Gold (Applied Biosystems) PCR protocol. Markers D9S1749, D9S974 and D9S171 were amplified together in a multiplex PCR reaction, as were markers D9S736 and D9S1748. The remaining markers were amplified individually. Products were visualized using an ABI377 Sequencer and analysed using the ABI PRISM Genescan Analysis software package.
RT-PCR analysis of CDKN2A transcript
A previously established B-lymphoblastoid cell line was available for individual 095F, pedigree MEL 6, which had been shown to carry the IVS2-105 intronic variant. Total RNA was extracted from this cell line using the Qiagen RNeasy Midi Kit. cDNA was then reverse transcribed from RNA using the Advantage RT-for-PCR kit (Clontech).
The CDKN2A mRNA transcript was initially amplified using forward primers in exon 1 (RT 1F GAGCAGCATGGA-GCCTTC), exon 2 (RT 2F GCACCAGAGGCAGTAACCAT) and a cDNA-specific forward primer that spans exons 1 and 2 (RT 1/2F GAGGCCGATCCAGGTCAT), together with a reverse primer in the CDKN2A 3′-UTR (RT 3R CCTGTAGG-ACCTTCGGTGAC). Control PCR reactions were carried out using primers designed to amplify the GAPDH housekeeping gene (GAPDH 1F CGAGCCACATCGCTCAGACA and GAPDH 1R TGAGGCTGTTGTCATACTTCTC). A standard PCR protocol was followed, as above (17) .
Long-range PCR of mutant transcript
The Geneamp XL PCR kit (Applied Biosystems) was used to carry out long-range PCR across the CDKN2A introns, using the forward primers RT 1F and RT1/2F, together with reverse primer RT 3R. Reaction conditions were as described in the Geneamp XL PCR protocol, with an annealing temperature of 68°C.
